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LOW-SUBSONIC AERODYNAMIC CHARACTERISTICS OF A MODEL 
OF A FIXED-WING SPACE SHUTTLE CONCEPT 
AT ANGLES OF ATTACK TO 76° 

By John P. Decker and Bernard Spencer, Jr. 

Langley Research Center 

SUMMARY 

An investigation was conducted in the Langley low -turbulence pressure tunnel on a 
model of the second stage (orbiter) of the two-stage space shuttle concept proposed by the 
NASA Manned Spacecraft Center. The tests were conducted at angles of attack from about 
-7° to 76° to examine the subsonic pitch-down maneuver from high to low angles, as well 
as to obtain some basic stability and control data at low angles of attack. The two- stage 
launch configuration was simulated for testing when the basic orbiter model was assumed 
to represent the first stage and a scaled second stage was placed in a "piggyback” fashion 
in the approximate location as conceptually proposed. The tests were conducted at a 
Mach number of approximately 0.25 at Reynolds numbers per foot from about 1.7 x 10® 
to 12.3 x 106 (per meter from about 5.6 x 10^ to 40.4 X 106). 

Results of the investigation indicate that the configuration is Reynolds number sen- 
sitive; for example, with increasing Reynolds number, the maximum untrimmed lift-drag 
ratio increased from 7.2 to 8.6 and the longitudinal stability decreased at low angles of 
attack. The original proposed configuration was longitudinally unstable and just increasing 
horizontal-tail size to 1.70 of the original tail size was insufficient; positive stability was 
obtained when the leading-edge sweep of the horizontal tail was reduced from 70° to 41° 
with a simultaneous change in the planform shape from delta to clipped delta and, conse- 
quently, an area increase to 2.20 times the size of the original tail. Positive longitudinal 
control was measured for elevator deflections up to ±20° at low angles of attack, but the 
trailing-edge elevator was completely ineffective at very high angles of attack. Addition 
of the upper stage to form a complete launch configuration shifted the center of pressure 
from about 43 percent to 56 percent of the basic body length forward of the base of the 
fuselage. The complete configuration indicated positive effective dihedral at angles of 
attack up to about 16° and was directionally stable at angles of attack up to about 10°. 



INTRODUCTION 


Whereas both the NASA and industry have studied the application of manned lifting 
bodies as reusable logistics vehicles (see refs. 1 and 2), considerable interest is at pres- 
ent focused on advanced reusable earth- orbital transportation systems capable of carrying 
exceptionally large payloads from and to earth. The spectrum of concepts envisioned at 
present encompass configurations from lifting-body-type first and second stages, such as 
the HL-10 concept and three identical (Trimese) stages having variable -geometry wings 
for landing, to a configuration of fixed high- aspect-ratio wing and conventional horizontal 
tail not dissimilar to present-day jet transports in both planform and size. All these 
concepts as presently envisioned would be rocket powered during ascent and may or may 
not have conventional air-breathing engines for return to base and/or landing-field go- 
around capability. The present paper presents a preliminary static wind-tunnel study of 
the low-speed aerodynamic characteristics of one such conceptual design of the fixed- 
wing class previously mentioned. This concept, proposed by the NASA Manned Spacecraft 
Center, is a two-stage all-reusable system (orbiter plus booster) having horizontal- 
landing capability. The envisioned entry attitude for both the booster and orbiter vehicles 
(which are geometrically similar) is considered to occur at an angle of attack of approxi- 
mately 60°, with this attitude maintained until low-subsonic Mach numbers are achieved. 
The vehicle is then considered to be rotated by means of aerodynamic controls to atti- 
tudes suitable for landing (i.e., angles of attack from about 8° to 16°). 

The vehicle design for both stages consists of a flat-bottom lifting body, fixed wing 
of moderate aspect ratio, and conventional horizontal tail. The body is highly blunted, 
with a modified rectangular cross section. The wing has an aspect ratio of 7.0, moderate 
thickness ratio, and leading-edge sweep of 14°. Longitudinal stability and control are 
provided by a horizontal tail, and lateral-directional stability is provided by a single 
center vertical tail. Flyback capability is obtained with turbojet engines mounted on the 
wing upper surface. 

The present investigation was conducted in the Langley low-turbulence pressure 
tunnel on a model of the second stage (orbiter) of the two-stage space shuttle concept. 

The tests were conducted at angles of attack from about -7° to 76° to examine the sub- 
sonic pitch-down maneuver from high to low angles as well as to obtain the effects of 
Reynolds number and some basic stability and control data at low angles of attack. The 
two-stage launch configuration was simulated for testing when the basic orbiter model 
was assumed to represent the first stage and a scaled second stage was placed in a 
"piggyback” fashion in the approximate location as conceptually proposed. The tests 
were conducted at a Mach number of approximately 0.25 at Reynolds numbers per foot 
from about 1.7 x 10® to 12.3 X 10§ (per meter from about 5.6 x 106 to 40.4 x 106). 


2 



SYMBOLS 


The data of the present investigation are referred to the body-axis system except 
the lift and drag coefficients, which are referred to the stability- axis system. The esti- 
mated center of gravity was located at 11.89 in. (30.20 cm) from the base of the fuselage 
All coefficients are based on the total planform area, mean geometric chord, and span of 
the wing. 
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wing span, 18.00 in. (45.72 cm) 

wing mean geometric chord, 2.78 in. (7.06 cm) 

drag coefficient, 


lift coefficient, 


Lift 

qS 


rolling-moment coefficient, moment 

’ qSb 

AC, 

rolling-moment parameter, — - 

Aj3 

pitching-moment coefficient, moment 

qSc 


control effectiveness parameter, 
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A 5c 


yawing-moment coefficient, 

qSb 


yawing-moment parameter, 


AC 
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A/3 


side-force coefficient, Side force 

qS 


side-force parameter, 


AC, 


A/3 


length of body with 9° nose ramp angle, in. (cm) 
lift-drag ratio 
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q free-stream dynamic pressure 

R Reynolds number 

S reference wing area, 0.320 ft^ (0.030 m2) 

x nn location of center of pressure forward of base, in. (cm) 

a angle of attack referred to body reference plane, deg 

j3 angle of sideslip, deg 

S e elevator deflection (positive for trailing edge down), deg 

Model component designations: 

body with 9° nose ramp angle 
body with 20° nose ramp angle 
small horizontal 70° delta tall 
large horizontal 70° delta tail 
large horizontal 41° clipped delta tail 
wing 

vertical tail 


Bg 

b 20 

Hi 

h 2 

h 3 

W 

V 


DESCRIPTION OF MODEL 

The vehicle tested was an approximate 0.02-scale model of the second stage 
(orbiter) of a two-stage space-shuttle-vehicle concept conceived at the NASA Manned 
Spacecraft Center. Details of the orbiter are shown in figure 1(a) and the general 
arrangement of the launch configuration is shown in figure 1(b). Geometric characteris- 
tics are presented in table I. Photographs of the model installed in the Langley low- 
turbulence pressure tunnel are presented as figure 2. 
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The fuselage, which was flat bottomed and highly blunted, had a modified rectangu- 
lar cross section with a semicircular top and a hard chine leading edge. Some afterbody 
boattailing in the lateral plane was also included. Two nose ramp angles (9° and 20°) 
were considered. The wing was fixed in a low position with 4° of positive incidence rela- 
tive to the body reference plane. The airfoil section varied from an NACA 0014-64 at 
the root chord to an NACA 0010-64 at the tip chord. The wing had a leading-edge sweep 
of 14°, taper ratio of 0.333, and aspect ratio of 7.0. 

The originally proposed horizontal tail (designated Hi) had a 70° delta planform 
with a ratio of exposed tail area to total wing planform area of 0.235. A larger 70° delta 
tail (designated H2), identical in planform shape to Hi, was also tested. The exposed 
tail area of H2 was 1.70 times that of Hi- A 41° clipped delta tail (designated H3) was 
also investigated. This tail was constrained to have the same root chord and trailing- 
edge location as Hi, as low a leading-edge sweep as feasible, and about one-third more 
area than H2- The exposed area of H3 was 2.20 times that of Hi- These tail variations 
were used to investigate the potential longitudinal- stability improvements that could be 
obtained by increasing tail area and reducing leading- edge sweep. The large 70° delta 
tail H2 was provided with an elevator to obtain some preliminary control-effectiveness 
data. Elevator hinge line was coincident with the body base, and deflections from -60° 
to 60° were used. 

The two- stage launch configuration was simulated for testing when the basic orbiter 
model was assumed to represent the first stage and a scaled second stage was placed in 
a "piggyback" fashion in the approximate longitudinal and vertical location as conceptually 
proposed. (See fig. 1(b).) 


APPARATUS AND METHODS 
Tunnel 

The tests were conducted in the Langley low-turbulence pressure tunnel which is a 
variable-pressure, single-return facility having a closed test section which is 3.5 feet 
(1. 1 meters) wide by 7 feet (2. 1 meters) high. The tunnel can accommodate tests in 
air at Reynolds numbers per foot from approximately 1.0 x 10® to 15.0 x 10 6 (per meter 
from 3.3 x 10^ to 49.2 x 10^) at Mach numbers up to about 0.40. 

Test Conditions 

The major portion of the tests were conducted at a Mach number of approximately 
0.25 at Reynolds numbers per foot from 1.7 x 10® to 12.3 X 10$ (per meter from 5.6 x 106 
to 40.4 x 10®). The angle of attack was varied from about -7° to 76° for a sideslip angle 
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.of 0°. Some tests were also made at a sideslip angle of 5° in the angle -of -attack range 
from about -7° to 20°. Most of the configurations were tested without transition strips. 
However, the effects of fixing transition were investigated by using a 0.05-inch-wide 
(0.12 cm) band of No. 80 carborundum grit located 1.20 inches (3.05 cm) behind the apex 
of the nose and horizontal-tail leading edge and at a distance behind the wing leading edge 
which varied from 0.80 inch (2.03 cm) at the wing-fuselage junction to 0.30 inch (0.76 cm) 
at the wing tip. These strips were located according to the methods described in refer- 
ence 3. 


Measurements and Corrections 

The drag coefficients presented represent gross drag in that base drag has not been 
subtracted out. No blockage or lift-interference corrections have been applied to the 
data, but previous experience with models of similar size has indicated that such correc- 
tions would be negligible. Angles of attack have been corrected for balance and sting 
deflection due to aerodynamic load. Sideslip angles have not been corrected; these cor- 
rections would be of the order of 0 . 1 ° and therefore are considered insignificant. 

PRESENTATION OF RESULTS 

The results of this investigation are presented in the following figures: 

Figure 


Longitudinal aerodynamic characteristics for - 

Effect of transition strips 3 

Effect of nose ramp angle 4 

Effect of Reynolds number on - 

B 9 WH 3 V 5 

BgWV 6 

B 9 WH 2 V 7 

Effect of horizontal-tail size at - 

R/ft = 5.1 X 106 (R/ m = 16.7 X 106) 8 

R/ft = 1.7 x 10 6 and 3.2 X 106 (R/m = 5.6 X 106 and 10.5 x 106) 9 

R/ft = 8.4 X 106 (R/m = 27.6 X 1()6) 10 

Effect of positive elevator deflections at - 

R/ft =1.7X106 (R/m = 5.6 X 106) 11 

R/ft = 3.2 X 10 6 (R/m = 10.5 X 106) 12 

Effect of negative elevator deflections at - 

R/ft = 1.7 X 10 6 (R/m = 5.6 X 106) 13 

R/ft = 3.2 x 10 6 (R/m = 10.5 X 106) . 14 
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Figure . 


Effect of various model components on Bg 15 

Hysteresis effects on BgW^V 16 . 

Simulated launch-vehicle configuration 17 

Lateral-directional aerodynamic characteristics for - 

Effect of various model components 18 

Lateral-directional stability parameters for B 9 WH 3 V 19 


DISCUSSION 

Because of the preliminary nature of the configuration investigated no detailed anal- 
ysis of the results is presented. Several areas of apparent aerodynamic interest are 
briefly discussed. 


Longitudinal Aerodynamic Characteristics 

Effect of transition .- The results of fixing transition on the B 9 WH 2 V configuration 
(fig. 3) indicate little or no effect on the drag or L/D characteristics of the vehicle and 
only minor effects on the lift and pitching-moment displacement. For this reason the 
remainder of the tests were run transition free. 

Fuselage ramp angle .- For the fuselage with either the 9° or 20° nose ramp angle, 
the same static longitudinal stability was obtained at low angles of attack (fig. 4) and the 
aerodynamic center for each was located approximately 5 percent of the respective body 
length aft of the nose. 

Effect of Reynolds number .- Figure 5 indicates that increasing the R/ft from 
1.7 x 106 to 12.3 x 106 (R/m from 5.6 x 106 to 40.4 x 10^) for a complete configuration 
(B 9 WH 3 V) at angles of attack up to 21 ° decreased the low-lift longitudinal stability and 
increased the angle of attack for the onset of flow separation on the wings from about 8 ° 
to 13° as evidenced by the plots of Cl against a and C m against Cl- Increasing 
R/ft from 1.7 x 10 6 to 5.3 X 10® (R/m from 5.6 x 10® to 17.4 x 106) increased the maxi- 
mum untrimmed L/D from 7.2 to 8 . 6 . Further increases in the Reynolds number indi- 
cate only slight improvement in the maximum untrimmed L/D. Similar trends are also 
shown in figures 6 and 7 for BgWV and B 9 WH 2 V, respectively, tested at angles of attack 
to about 76°. At angles of attack greater than about 36° there are significantly large 
changes in the magnitudes and variations of both Cl and C m with angle of attack 
resulting from increasing Reynolds number. 

Effect of horizontal tail .- The effects of horizontal- tail size and geometry are pre- 
sented in figures 8 , 9, and 10 and indicate that the complete configuration having either 
70° delta tail (Hi or H 2 ) was longitudinally unstable at the lower angles of attack (see 
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fig. 8). This is primarily due to the extreme forward location of the aerodynamic center 
at low angles of attack for the body alone as previously mentioned. Increasing the 
horizontal-tail area to 2.20 of the area of Hi and changing the tail geometry from a 70° 
delta tail (Hi or H2) to a 41° clipped delta tail (H3) provided the configuration with static 
longitudinal stability at low angles of attack. (See figs. 8, 9, and 10.) In addition, the 
41° clipped delta tail decreased the large positive C m noted for Hi or H2 that must be 
overcome in order to trim the vehicle at angles of attack near 60°. (See fig. 9.) 

Longitudinal control .- The effects of elevator deflection for horizontal tail H2 are 
presented in figures 11 to 14 for two Reynolds numbers. At low angles of attack, the ele- 
vator was effective in producing negative or positive pitching- moment increments for 
deflections up to about 20° or -20°, respectively. (See figs. 11 to 14.) At elevator deflec- 
tions greater than about 20° considerable loss in C mge is noted as a result of flow sep- 
aration existing on the tail. At angles of attack greater than about 62°, the elevator is 
completely ineffective for positive deflections and, consequently, the elevator will not trim 
the configuration at the highest test angles of attack. For negative deflections, the eleva- 
tor provides some degree of effectiveness for deflections up to about -40°; however, a 
similar loss in C mge is noted above 6 e = -20°. (See figs. 13 and 14.) 

Effect of upper stage addition to simulate the launch configuration .- The addition of 
a scaled second stage to the basic orbiter model (B9WH2V) to simulate the launch config- 
uration (fig. 17) moved the center of pressure at low angles of attack from about 43 per- 
cent to 56 percent of the body length forward of the base. For the basic orbiter model, 
the center of pressure moves forward with increasing angle of attack, which is destabi- 
lizing effect. For the simulated launch configuration, the center of pressure moves 
slightly rearward with increasing angle of attack, which is a stabilizing effect. 

Lateral-Directional Stability 

Figure 18 indicates the effects of various model components on the lateral- 
directional aerodynamic characteristics. Since only a complete configuration B9WH3V 
was tested at 0 = 0° and /3 = 5°, lateral- directional parameters for only this configura- 
tion are presented in figure 19. The data in figure 19 indicate that this complete configu- 
ration had positive effective dihedral ^-C up to an angle of attack of about 16°. The 
static directional stability parameter Cn^ was positive at low angles but decreased with 
increasing angle of attack and became approximately zero at an angle of attack of approxi- 
mately 10° for R/ft = 1.7 x 106 (R/m = 5.6 x 106). 

CONCLUSIONS 

An investigation was conducted in the Langley low-turbulence pressure tunnel on a 
model of the second stage (orbiter) of a two-stage space shuttle concept proposed by the 
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NASA Manned Spacecraft Center. The tests were conducted at angles of attack from about 
-7° to 76° to examine the subsonic pitch-down maneuver from high to low angles as well 
as to obtain some basic stability and control data at low angles of attack. The two- stage . 
launch configuration was simulated for testing when the basic orbiter model was assumed 
to represent the first stage and a scaled second stage was placed in a "piggyback” fashion 
in the approximate location as conceptually proposed. The tests were conducted at a 
Mach number of approximately 0.25 at Reynolds numbers per foot from about 1.7 x 10^ to 
12.3 x 106 (per meter from about 5.6 x 106 to 40.4 X 106). Results of the investigation 
indicate the following conclusions: 

1. The configuration is Reynolds number sensitive; for example, with increasing 
Reynolds number, the maximum untrimmed lift-drag ratio increased from 7.2 to 8.6 and 
the longitudinal stability decreased at low angles of attack. 

2. The original proposed configuration was longitudinally unstable and just 
increasing horizontal-tail size to 1.70 of the original tail size was insufficient; positive 
stability was obtained when the leading-edge sweep of the horizontal tail was reduced 
from 70° to 41° with a simultaneous change in the planform shape from delta to clipped 
delta and, consequently, an area increase to 2.20 times the size of the original tail. 

3 . Constant longitudinal control effectiveness was maintained for elevator deflec- 
tions up to ±20° at low angles of attack. The elevator was completely ineffective, how- 
ever, at the highest test angles of attack. 

4 . Addition of the upper stage to form a complete launch configuration shifted the 
center of pressure from about 43 percent to 56 percent of the basic body length forward 
of the base of the fuselage. 

5. The complete configuration indicated positive effective dihedral at angles of 
attack up to about 16° and was directionally stable at angles of attack up to about 10°. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., January 23, 1970. 
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TABLE I.- GEOMETRIC CHARACTERISTICS OF MODEL 


Wing W: 

Aspect ratio 7.0 

Span, in. (cm) 18.00 (45.72) 

Area, total, ft 2 (m2) 0.320 (0.030) 

Area, exposed, ft2 (m2) 0.274 (0.025) 

Root chord at fuselage center line, in. (cm) 3.84 (9.75) 

Tip chord, in. (cm) 1.28 (3.25) 

Mean geometric chord, in. (cm) 2.78 (7.06) 

Airfoil section: 

Root NACA 0014-64 

Tip NACA 0010-64 

Leading-edge sweep angle, deg 14 

Dihedral angle, deg 8.25 

Taper ratio 0.333 

Fuselage Bg: 

Length, in. (cm) 25.70 (65.28) 

Ramp angle, deg 9 

Balance- chamber and base area, ft 2 (m2) 0.0494 (0.0046) 

Planform area, ft2 (m2) . 0.604 (0.056) 

Fuselage B20: 

Length, in. (cm) 25.12 (63.80) 

Ramp angle, deg 20 

Balance- chamber and base area, ft2 (m2) 0.0494 (0.0046) 

Planform area, ft2 (m2) 0.580 (0.054) 

Horizontal tail Hj: 

Area, exposed (including area behind fuselage), ft2 (m2) 0.0754 (0.0070) 

Airfoil section NACA 0012-64 

Leading-edge sweep angle, deg 70 

Horizontal tail H2: 

Area, exposed (including area behind fuselage), ft2 (m2) 0.1279 (0.0119) 

Airfoil section J NACA 0012-64 

Leading-edge sweep angle, deg 70 


Horizontal tail H3: 

Area, exposed (including area behind fuselage), ft 2 (m2) 0.1656 (0.0154) 

Airfoil section Slab with feathered trailing edge 

Leading-edge sweep angle, deg 41 


Vertical tail V: 

Area, ft 2 (m2) 0.0684 (0.0064) 

Airfoil section NACA 0012-64 
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(b) Simulated launch configuration. 
Figure 1.- Concluded. 
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(c) Front view of B 9 WFI 3 V. L-69-5922 

Figure 2.- Continued. 
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(e) Bottom view of BgWHjV. 
Figure 2.- Concluded. 


L-69-5925 
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Figure 3.- Effect of transition strips on longitudinal aerodynamic characteristics of BgWHjV. 6 e = 0°; R/ft = 1.7 x iq 6 (R/m = 5.6 x 10&). 
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Figure 4.- Effect of nose ramp angle on longitudinal aerodynamic characteristics. 
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Figure 6- Effect of Reynolds number on longitudinal aerodynamic characteristics of BgW. 6 e = 0°. 
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Figure 6.- Concluded. 
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Figure 7.- Effect of Reynolds number on longitudinal aerodynamic characteristics of B 9 WH 2 V. 6 e = 0°. 





a ,deg 


bo 

to 


Figure 7.- Concluded, 
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Figure 8.- Effect of horizontal-tail size on longitudinal aerodynamic characteristics. 6 e = 0°; R/ft = 5.1 x 10® (R/m = 16.7 x 10 6 ). 
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Figure 8.- Concluded. 






Figure 9.- Effect of horizontal-tail size on longitudinal aerodynamic characteristics. 6 e = 0°; R/ft = 1.7 x 10 6 and 3.2 x 10 6 (R/m = 5.6 x # and 10.5 x 10 6 ). 
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Figure 9.- Concluded. 
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Figure 10.- Concluded. 
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Figure 11.- Concluded. 
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Figure 12.- Effect of positive elevator deflections on longitudinal aerodynamic characteristics of B 9 WH 2 V. R/ft = 3.2 x 10 6 (R/m = 10.5 x 106 ), 
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Figure 12 - Concluded. 
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Figure 13.- Effect of negative elevator deflections on longitudinal aerodynamic characteristics of B 9 WH 2 V. R/ft = 1.7 x 10 6 (R/m = 5.6 x 106 ). 
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Figure 13.- Concluded. 
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Figure 14.- Effect of negative elevator deflections on longitudinal aerodynamic characteristics of B 9 WH 2 V. R/ft = 3.2 x 10 6 (R/m = 10.5 x 106 ) 
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Figure 14.- Concluded. 







Figure 15.- Effect of various model components on longitudinal aerodynamic characteristics of B 9 . 6 e = 0° ; R/ft = 1.7 x lO^ (R/m = 5.6 x 106 ). 
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Figure 15.- Concluded. 





Figure 16.- Hysteresis effects on longitudinal aerodynamic characteristics of B 9 WH 2 V. 6 e = 0°; R/ft = 1.7 x 10& (R/m = 5.6 x 10 6 ). 






c L 

Figure 17.- Longitudinal aerodynamic characteristics for simulated launch-vehicle configuration. R/ft = 1.7 x 106 (R/m = 5.6 x iq6). 
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Figure 17.- Continued. 
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Figure 17.- Concluded. 


.02 


-.04 


-.02 


-.06 


Cy 



Configuration 

ft, deg 

R/ft 

R/m 

o 

b 9 wh 3 v 

0 

1.7x10 6 

5.6x10' 

□ 

B 9 WH 3 V 

5 

1.7 

5.6 

O 

B 9 WH 3 V 

5 

5.2 

17.1 

A 

B 9 WH 3 

5 

1.7 

5.6 


B9H3 

5 

1.7 

5.6 



Figure 18.- Effect of various model components on lateral-directional aerodynamic characteristics. 6 e = 0°. 
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